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Plant Nitrogen Uptake From Insect Frass Is Affected by the Nitrification Rate as Revealed by Urease and Nitrification Inhibitors
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Insect protein production is considered a sustainable alternative to livestock protein which furthermore utilizes waste streams. Its production can have positive but also potentially negative environmental effects, which require evaluation. Frass, the byproduct of insect production, is regarded an efficient organic fertilizer or soil amendment. However, several studies report negative frass effects on plant growth and nitrogen (N) cycling. Therefore, a pot trial was carried out which sought to understand N release from frass and subsequent growth and nutrient uptake of Italian ryegrass. Mealworm frass (MWF) or buffalo worm frass (BFW) was applied at two rates (1.5 and 3% w/w) to a soil-sand mix. To evaluate N release processes, frass was applied alone, with a nitrification inhibitor (NI), a urease inhibitor (UI), or both (NI+UI). Plant N, nutrient uptake and soil inorganic N were measured at the experiment's end. To gauge whether altered N fluxes induced changes in the microbial community, soil microbial biomass, bacterial/archaeal abundances and ergosterol content as a fungal biomarker, were determined. Both frass types and application rates stimulated microbial growth and N mineralization. The 3% rate inhibited seed germination, possibly due to salinity or ammonia toxicity. At the 1.5% rate, both frass types were effective fertilizers. MWF led to higher biomass and nutrient uptake, owing to its higher extractable nutrient concentrations. The 3% rate caused nitrite accumulation in the absence of NI. NI improved plant biomass, nutrient uptake, stimulated archaeal and bacterial abundances and prevented nitrite accumulation. UI reduced N mineralization, showing that a substantial fraction of frass organic N is ureic. UI enhanced fungal contribution to the microbial biomass, revealing the importance of bacteria in frass N mineralization processes when UI is not applied. NI and UI combined, induced greater N release from frass than UI or NI alone. Our study demonstrated the usefulness of NI and UI in studying N release from frass. NI can improve plant N uptake and minimize N losses following frass application, reducing its potentially negative effects. UI can retard N release from frass, allowing its application as a slow-release fertilizer, but should not be used concurrently with NI.
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INTRODUCTION

Global demand for protein such as meat and dairy products is increasing, but with growing environmental awareness fueling demand for food with lower environmental footprints. Animal husbandry is characterized by relatively low nutrient use efficiency, with a large part of the nitrogen (N) and phosphorus (P) in the feed not being converted into animal based protein and thus being applied as manure to agricultural land in excess of plant demand. As a result, eutrophication of groundwater and surface water bodies became a problem in Europe such as in parts of France, Belgium, the Netherlands and Germany (van der Wiel et al., 2020). To this end, insect rearing, which has a more efficient feed to protein conversion rate and can potentially utilize agricultural waste or side-products, may provide a technological solution to nutrient excess and be an alternative protein source for feed and food (Smetana et al., 2019; Schmitt and de Vries, 2020). With lower emissions per unit of protein and contribution to a regional nutrient circularity it may reduce negative consequences for the environment. However, this needs to be verified for the whole production chain and starts with evaluating the different components from feed provision, insect rearing, processing to waste management.

Two insect larvae commercially produced include those of mealworm (Tenebrio molitor L.) and buffalo worm/lesser mealworm (Alphitobius diaperinus). Both can be reared using by-products from potato processing, bakeries, breweries and bioethanol production (Van Broekhoven et al., 2015). Mealworm production has been reported to be of superior N efficiency than that of conventional livestock animals (Oonincx et al., 2015). After the insects have been harvested, a mixture of feed residues, feces and exoskeleton remains, which is commonly known as frass. This by-product is rich in nutrients and organic carbon (C) and is therefore considered a viable organic fertilizer and soil amendment suitable for use in sustainable agriculture (Poveda, 2021).

Frass, particularly that of black soldier fly (Hermetia illucens) has been demonstrated to be an effective substitute for conventional fertilizers in field-grown cabbage (Choi et al., 2009) and maize (Quilliam et al., 2020), and in pot trials monitoring growth of perennial ryegrass (Klammsteiner et al., 2020; Menino et al., 2021). While, to our knowledge, no studies have focussed on the fertilization potential of buffalo worm frass (BWF), mealworm frass (MWF) has been proven in pot trials to induce yield gains comparable to those of inorganically fertilized controls in chard (Poveda et al., 2019) and barley (Houben et al., 2020).

For a full environmental evaluation of the insect industry, potentially negative effects of frass must also be studied. High application rates of black soldier fly frass (BSFF) have been shown to negatively impact growth of maize (Alattar et al., 2016) and Japanese mustard spinach (Kawasaki et al., 2020), respectively surmised to be due to induced nutrient deficiency and high salinity. Moreover, Rummel et al. (2021) demonstrated considerable greenhouse gas emissions after BSFF application to soil, which was driven by the high available C and N content. A further negative consequence of frass application to soil was reported by Watson et al. (2021), who incubated soil with 2.5% of MWF or BWF and observed accumulation of nitrite, which is potentially harmful to microbial activity and has been demonstrated to inhibit root growth (Nabel et al., 2018). This nitrite accumulation was accompanied by a relative increase of the archaeal gene copy numbers and thus was thought to be an indicator of enhanced ammonia oxidation through AOA (ammonia oxidizing archaea) while nitrite oxidation was inhibited. Therefore, insect frass is thought to influence the soil microbial community with consequences for N cycling. This observation warrants further investigation to better understand how N is released from frass, to optimize its use as fertilizer and to reduce potential negative effects on plants, soil microbes and the environment.

Inorganic N extractable from frass is dominated by ammonium ([image: image])-N (Lovett and Ruesink, 1995; Kagata and Ohgushi, 2012a; Kawasaki et al., 2020; Table 1), of which ammonification of organic N is a major source. The organic N can be present in the forms of undigested protein (Fielding et al., 2013), chitin derived from insect exoskeletons (Jacquiod et al., 2013), while a considerable fraction will be ureic. Larval N waste precipitates rectally as uric acid, which is broken down into allantoin and subsequently urea (Green and Popa, 2012).


Table 1. Chemical composition of frass types and added amounts of N and C (mean ± standard deviation for n = 5).
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Urea hydrolysis causes [image: image] accumulation and soil microsites featuring high pH, inducing NH3 volatilization (Cantarella et al., 2018). Urease inhibitors are therefore utilized in agriculture where high loads of urea are applied to reduce this volatilization. Nitrification inhibitors are applied to soils to prevent conversion of [image: image] to nitrate ([image: image]) and possible subsequent loss via the pathways of leaching or denitrification. Nitrification and urease inhibitors can be concurrently applied with the goal of preventing N losses by all three mechanisms (volatilization, leaching, denitrification), through slowing down the processes of ammonification and nitrification.

As well as allowing N flux management in agricultural soils, inhibitors can also be used to differentiate between release pathways from organic amendments. Therefore, this study aimed to improve our understanding of N ammonification and nitrification processes from insect frass. To this end we sought to establish how frass application to soil led to better N utilization by Italian ryegrass (Lolium multiflorum Lam. ssp. italicum cv. Fabio) plants, and if the utilization was affected by the nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP), the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT), or both. We investigated the effects of these treatments on soil N mineralization and nitrification and the abundances of soil bacteria, archaea and fungi.

We hypothesized that (I) a substantial proportion of frass total N mineralization is facilitated by N cleavage through urease (II) nitrification inhibition will prevent soil nitrite accumulation and potentially enhance ryegrass yield, and (III) that inhibiting both urea hydrolysis and nitrification will lower the available inorganic N which will be reflected by lower plant growth and N uptake.

We tested these hypotheses in a plant growth pot experiment, where a soil-sand mixture was amended at two rates (1.5 and 3%) with frass derived from two insect species and the nitrification inhibitor (NI) DMPP, the urease inhibitor (UI) NBPT or both (NI+UI) were applied.



MATERIALS AND METHODS


Growth Medium/Substrate

The substrate used in the pot trial comprised a 1:1 mixture of quartz sand (0.1–0.5 mm, RKW, Falkenstein, Germany) and air-dried (sieved <4 mm) soil, creating a carbon and nutrient poor, yet biologically active, substrate comparable to a soil. The soil used was the B horizon of a Stagnic Luvisol grassland (textural class silt loam with 10% sand, 80% silt and 10% clay, pH 5.5 in 0.01 M CaCl2, 0.29% TOC, <0.05% N) from Neulouisendorf, Germany.



Frass

Two types of frass with comparable C/N ratio were used in the experiment. They originated from mealworm (Tenebrio molitor L., MWF) and buffalo worm (Alphitobius diaperinus, BWF) and were provided by Vivara Natuurbeschermingsproducten, Vierlingsbeek, Netherlands. Larvae were reared on Insectus Mealworm Grow (Mijten nv, Bekkevoort, Belgium) which contains 20% protein, 4% fat, 1.01% Ca, 0.76% P and 0.23% Mg, with carrots supplementing the feed.

Frass samples were air dried for 3 days and sieved (<1 mm) and then analyzed for organic matter content, total N, total S, pH in deionised water (1:25 amendment:water ratio), electrical conductivity (1:25), extractable [image: image] and [image: image] in 0.01 M CaCl2 (1:25 frass:extractant ratio) and P, K, Ca, Mg, Na, and Fe in Mehlich 3 (1:25 frass:extractant ratio). A more extensive suite of analyses of the same frass types was reported by Watson et al. (2021). Total C, N and S were determined using gas chromatography after combustion (Carlo Erba NA 1500 CNS Analyzer, Thermo Scientific) in subsamples of dried and milled frass samples. Elemental nutrient concentrations were determined using an Optima 8000 inductively coupled plasma optical emission spectrometer (ICP-OES, PerkinElmer, Baesweiler, Germany). Nitrate and [image: image] were measured using an AA3 HR Nutrient Autoanalyzer (SEAL Analytical GmbH, Norderstedt, Germany). No nitrite ([image: image]) was detectable.

Both dried frass types were applied at two application rates: 1.5 or 3.0% (w/w), high application rates broadly comparable with those used by Kagata and Ohgushi (2012b), Poveda et al. (2019) and Kawasaki et al. (2020). MWF addition resulted in higher application rates for all elements with the exception of total S, N and extractable [image: image]-N (Table 1).



Pot Experiment

The pot trial was conducted in 2019–2020 over 16 weeks under controlled conditions in a greenhouse at the Rhine-Waal University in Kleve, Germany providing respective night and day temperatures of 16–21 and 20–23°C and a photoperiod of 16 h. All pots were arranged randomly in two blocks. Frass from either mealworm (MWF) or buffalo worm (BWF) was mixed into the substrate at two application rates [1.5 and 3.0% (w/w)]. Then, 1 kg of substrate was placed into 1 L pots and brought to 70% of its water holding capacity (WHC). Each pot was amended with water only (control, C), water with the nitrification inhibitor (NI) 3,4-dimethylpyrazole phosphate (DMPP) at 2 mg kg−1 soil, water providing urease inhibitor (UI) N-(n-butyl) thiophosphoric triamide (NBPT) at 1 mg kg−1 soil, or a combination of both inhibitors (NI+UI) to investigate N release and nitrification from frass (Figure 1). Watson et al. (2019) applied 20 mg kg−1 of the nitrification inhibitor dicyandiamide (DCD) to the same substrate in a separate experiment. DMPP application rates used in the current study were based on the assumption that one order of magnitude less DMPP than DCD is required (Wissemeier et al., 2001). After water application, 0.5 g of Italian ryegrass (Lolium multiflorum Lam. ssp. italicum cv. Fabio) seeds were added to each pot. Substrates were gravimetrically raised to 70% WHC twice weekly. The following provides an overview of the 16 treatments, which were carried out in replicates of five:

• 1.5% buffalo worm frass control (BWF1.5C)

• 1.5% buffalo worm frass + nitrification inhibitor (BWF1.5N)

• 1.5% buffalo worm frass + urease inhibitor (BWF1.5U)

• 1.5% buffalo worm frass + urease inhibitor + nitrification inhibitor (BWF1.5UN)

• 1.5% mealworm frass control (MWF1.5C)

• 1.5% mealworm frass + nitrification inhibitor (MWF1.5N)

• 1.5% mealworm frass + urease inhibitor (MWF1.5U)

• 1.5% mealworm frass + urease inhibitor + nitrification inhibitor (MWF1.5UN)

• 3% buffalo worm frass control (BWF3C)

• 3% buffalo worm frass + nitrification inhibitor (BWF3N)

• 3% buffalo worm frass + urease inhibitor (BWF3U)

• 3% buffalo worm frass + urease inhibitor + nitrification inhibitor (BWF3UN)

• 3% mealworm frass control (MWF3C)

• 3% mealworm frass + nitrification inhibitor (MWF3N)

• 3% mealworm frass + urease inhibitor (MWF3U)

• 3% mealworm frass + urease inhibitor + nitrification inhibitor (MWF3UN)


[image: Figure 1]
FIGURE 1. Simplified visualization of nitrogen mineralization processes targeted in the different experimental treatments: control shows normal N release, nitrification inhibitor (NI) slows ammonium oxidation, urease inhibitor (UI) slows N release from ureic organic N, combined inhibitor application (NI + UI) slows N release from ureic organic N, and ammonium oxidation as well. DMPP, 3,4-dimethylpyrazole phosphate (NI); NBPT, N-(n-butyl) thiophosphoric triamide (UI).


Shoots from all pots were harvested 2 cm above the soil surface after 28, 61, 84 and 112 days. Following each harvest, shoot weights were determined after drying overnight at 70°C. Following grinding, total C, N and S were determined using gas chromatography after combustion (Carlo Erba NA 1500 CNS Analyzer, Thermo Scientific), while all other nutrient element concentrations (Ca, Mg, K, P and Fe) were determined after microwave digestion in concentrated nitric acid via an Optima 8000 ICP-OES (Perkin Elmer, Baesweiler, Germany).

Frass application at 3.0% of MWF and BWF inhibited germination of Italian ryegrass seeds almost completely and thus inhibited plant growth, possibly caused by ammonia toxicity or high salinity (see Table 1). Consequently, statistical comparison between 1.5 and 3.0% frass is omitted. Nevertheless, samples were taken from every pot at the end of the pot trial for a suite of analyses which provided information on the various treatments' effects on N fluxes and microbial properties (see Substrate Analyses and Soil Microbial Properties sections).



Substrate Analyses

At the end of the experiment, the substrate from each pot was homogenized and sieved (<2 mm) and subsamples were taken to determine pH and electrical conductivity (EC) in deionised water (1:2.5 w/v). Furthermore, inorganic N was measured in each subsample. Briefly, 10 g of moist soil was extracted for 30 min by oscillating shaking at 200 rev min−1 with 40 mL 0.5 M K2SO4 and subsequently analyzed for [image: image], [image: image], and [image: image] using an AA3 HR Nutrient Autoanalyzer (SEAL Analytical GmbH). In the same extract, extractable organic C (EOC) was measured as CO2 by infrared absorption and total N by chemoluminescence after combustion at 850°C using a multi N/C® 2100 S Analyzer (Analytik Jena). Extractable organic N (EON) was defined as N after subtracting inorganic N from total N in the extract. Extractable organic N is further given as a percentage of total extractable N. Soil water content and soil dry weight (DW) was determined by oven drying at 105°C for 24 h.



Soil Microbial Properties

Moist subsamples of the homogenized substrate at the end of the pot trial were used to determine microbial biomass C (MBC) and N (MBN), extractable DNA, the microbial domains bacteria and archaea, and ergosterol as an indicator of saprotrophic fungi.

MBC and MBN were determined by chloroform fumigation extraction (Brookes et al., 1985; Vance et al., 1987) from a subsample of fresh 2 mm-sieved substrate. Briefly, 10 g of fresh substrate was fumigated for 24 h at 25°C with ethanol-free chloroform (CHCl3). After removal of CHCl3, the fumigated sample was extracted with 40 ml 0.5 M K2SO4 horizontally for 30 min at 200 rev. min−1 and filtered (VWR 305, particle retention: 2–3 μm). An identical non-fumigated 10 g sample was extracted similarly. Organic C and N in the extracts were measured using a multi N/C® 2100S Analyzer (Analytik Jena AG). MBC was calculated as EC/kEC, where EC = (organic C extracted from fumigated soils) – (organic C extracted from non-fumigated soils) and kEC, the correction factor for MBC = 0.45 (Wu et al., 1990). MBN was calculated as EN/kEN, where EN = (organic N extracted from fumigated soils) – (organic N extracted from non-fumigated soils) and kEN, the correction factor for MBN = 0.54 (Brookes et al., 1985).

Total genomic DNA was extracted from 0.5 g of fresh soil using a FastDNATM SPIN Kit for Soil and FastPrep®-24 bead-based homogeniser (both MP Bio, Santa Ana, CA) according to the manufacturer's instructions as modified by Hemkemeyer et al. (2014). Quantitative PCR of archaeal and bacterial 16S rRNA genes was conducted in a LightCycler® 480 II (Roche, Mannheim, Germany). PCR reactions were carried out in a 20 μl total volume which contained 10 μl of a 2 × concentrated master mix (LightCycler® 480 Probes Master, Roche), 0.5 μM of each primer, 0.2 μM probe and 2 μl of template DNA. Bacterial 16S rRNA amplication was done using the primers BAC338F and BAC805R (0.5 μM each) in combination with the probe BAC516F (0.2 μM), for archaeal 16S rRNA the primers ARC787F and ARC1059R (0.5 μM each) and the probe ARC915F (0.2 μM) were used (Yu et al., 2005). In order to check for inhibitory effects, reactions of each sample were run in duplicate, with one half being supplied with 10-fold and the other half with 50-fold dilutions of template DNA. Reaction conditions started with 95°C for 10 min. followed by 45 cycles of 95°C for 15 s, 60°C for 50 s, and 72°C for 1 s. DNA fragments of Methanobacterium oryzae and Bacillus subtilis cloned into pGEM®-T vector (Vector System II Kit, Promega Corporation, Madison, USA), utilizing Escherichia coli JM109 High Efficiency Competent Cells, served as standards ranging from 101 to 107 (archaea) and 102 to 108 (bacteria) copies μl−1 template, respectively. Data were pre-processed using “Abs Quant/2nd Derivative Max” -analysis of the instrument accompanying software (1.5.0 SP4) and obtained crossing threshold (CT) values were further processed in Microsoft Excel 2010.

Fungi were quantified by measuring the ergosterol content since melting curve analysis of a SYBR Green-based qPCR indicated that fungal ITS1 sequences differed too strongly between the soil treatments, prohibiting their quantitative comparison. Ergosterol content (an indicator of saprotrophic fungi) was measured according to Djajakirana et al. (1996). Briefly, 2 g moist soil was extracted with 100 mL ethanol for 30 min. by oscillating shaking at 250 rev. min−1 and then filtered (Whatman GF/A, 1.6 μm). Ergosterol determination was carried out via reversed-phase HPLC analysis at 26°C, using a 125 ×4 mm Sphereclone 5 μm ODS II column with a Phenomenex guard column (4 ×3 mm). Chromatography was performed isocratically with methanol (100%) and a resolution of detection of 282 nm (Dionex UVD 170 S).



Calculations and Statistics

Data presented in the tables and graphs are arithmetic means and based on oven-dry weight of substrate (24 h, 105°C). All statistical calculations were performed using R (R Core Team, 2019) with the packages agricolae, MASS, emmeans tidyverse and multcomp. Means of each frass treatment were tested for statistically significant differences using ANOVA. The prerequisites for the ANOVA were tested with a Levene-Test from the car package for homoscedasticity and the normality of residuals was tested visually with a QQ-Plot. Where presumptions were not fulfilled Box & Cox power transformations were carried out. When treatments were significantly different at p < 0.05, a post hoc Tukey HSD-test was conducted or estimated means test, if the sample sizes were unequal.




RESULTS


Plant Nutrient Uptake

Frass addition at 1.5% resulted in higher plant biomass compared to the unfertilized control for both frass types (data not shown) revealing the fertilizer effect of the nutrient-rich frass. Comparing the two frass types, cumulated biomass after MWF application was consistently higher than following BWF amendment (Table 2). This observation could be related to the MWF featuring significantly higher extractable concentrations of P, K and Mg (Table 1); indeed, the cumulated uptake of all three were consistently greater in the MWF-fertilized treatments. Additionally, the higher cumulated biomass of MWF plants was accompanied by slightly higher uptake of N (Table 2), despite MWF's lower total N content than BWF and similar concentrations of extractable inorganic N (Table 1).


Table 2. Cumulated Italian ryegrass shoot dry weight and nutrient uptake in pots amended with 1.5% (w/w) buffalo worm frass, BWF or mealworm frass, MWF (mean ± standard deviation for n = 5).

[image: Table 2]

Of the inhibitor treatments (Table 2), NI showed a consistent trend of the highest values for cumulated biomass and take-up of N, Ca, Mg, K and Fe. In MWF-fertilized plants, cumulated P and K uptake were significantly higher when NI was applied than in all other treatments. Interestingly, when both, NI and a urease inhibitor (UI) were added (NI+UI) these effects were not observed and values were in the range of the control.

Nitrogen uptake was substantially higher in the second and third harvest for both frass types and all treatments (Figure 2). The higher N uptake in the second harvest was more pronounced in MWF as compared to BWF and revealed higher N uptake in the NI treatment than in the UI and NI+UI treatments. N uptake of the first and second harvest in the MWF NI treatment was markedly higher than in the NI+UI treatment, which showed the lowest N uptake. This was reversed in the fourth harvest, where the NI+UI treatment showed a higher N uptake than did NI and UI. In BWF-fertilized plants, this trend of N uptake as affected by NI was not observed. Total N uptake from both frass types was the lowest in the UI treatments without being significantly different from the other treatments (Table 2).


[image: Figure 2]
FIGURE 2. N uptake in Italian ryegrass shoot biomass at four different harvest dates (mean ± 95% confidence interval for n = 5) in replicates fertilized with 1.5% (w/w) buffalo worm frass, BWF (A) or mealworm frass, MWF (B). Pots were amended with frass alone, or concurrently with nitrification inhibitor (NI), urease inhibitor (UI), or both.




Soil Nitrogen Dynamics

As expected, inorganic N levels at the end of the experiment were lower in the 1.5% frass-amended pots, where plants had grown for 16 weeks and application rates were lower (Tables 3, 4). Total inorganic N was higher when BWF as compared to MWF was applied. This contrast was particularly marked in the 1.5% frass treatments (Table 3). This observation is likely to be explained by the superior plant biomass and N uptake of MWF-fertilized plants (Table 2). The substantially higher inorganic N in BWF at 3% frass addition compared to MWF (pots in which no plants grew), reveals a higher N release from BWF frass during the experiment (Table 4). The more marked mineralization of frass in the 3%-amended pots, with resultant release of organic acids, can potentially explain the lower pH in pots amended with 3% of either frass type as compared to the 1.5%-amended pots (Tables 3, 4).


Table 3. Substrate pH, ammonium ([image: image]-N), nitrite (NO2-N), nitrate ([image: image]-N), total inorganic N, extractable organic C (EOC) and N (EON) and EON as a percentage of total extractable N, at the end of the experiment (mean ± standard deviation for n = 5 except where indicated).
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Table 4. Substrate pH, ammonium ([image: image]-N), nitrite ([image: image]-N), nitrate ([image: image]-N), total inorganic N, extractable organic C (EOC) and N (EON) and EON as a percentage of total extractable N, at the end of the experiment (mean ± standard deviation for n = 5 except where indicated).

[image: Table 4]

At the end of the experiment total inorganic N was highest in the treatments without inhibitors following 1.5 or 3% frass amendment, with the largest fraction being in the form of nitrate (Tables 3, 4). Whereas nitrite was almost absent in the 1.5% treatments, 3% frass addition resulted in substantial nitrite accumulation in the treatments without inhibitors. This nitrite build up was hugely reduced in the presence of NI, but only partially by UI (Table 4).

Of the inhibitors, UI resulted in a consistent trend of inducing the lowest extractable total inorganic N for both frass types at both application rates (Tables 3, 4). Due to this, the percentages of total extractable N in the UI treatments which was organic N were consistently higher than where NI was applied, significantly so in the 1.5% MWF regime (Tables 3, 4).

At both frass application rates, NI led to lower extractable [image: image]-N than where no inhibitor was applied, although not significantly due to the high data variability. In the 3% frass-amended pots where NI was applied, with or without UI, [image: image]-N concentrations were the highest (Table 4). NI led to the highest [image: image]-N concentrations in the 1.5% BWF frass-amended pots (Table 3). This was not the case with MWF, possibly due to higher uptake of N by MWF-fertilized plants (Table 2).



Microbial Biomass and Community Composition

MBC and MBN increased after frass addition in both treatments (1.5 and 3%) relative to an unfertilized control (data not shown). In the replicates receiving inhibitors, there was a consistent trend at both frass application rates of NI yielding the highest MBC, UI the lowest, with intermediate values for NI + UI (Tables 5, 6). This was reflected by the bacterial and archaeal 16S rRNA gene copy numbers, which were higher in the NI and NI + UI treatments than in the UI treatment, often significantly (Figures 3A,B). These effects of the NI were more pronounced in BWF as compared to MWF. In contrast to the treatments containing NI, the UI treatment led to archaeal and gene copy numbers that were never significantly higher than those of the treatments receiving no inhibitor (Figures 3A,B). The UI treatment consistently led to the lowest MBN (Tables 5, 6).


Table 5. Microbial biomass C (MBC), N (MBN), ergosterol content and conductivity at the end of the experiment (mean ± standard deviation for n = 5 except where indicated).
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Table 6. Microbial biomass C (MBC), N (MBN), ergosterol content and conductivity, at the end of the experiment (mean ± standard deviation for n = 5 except where indicated).
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FIGURE 3. Mean 16S rRNA gene copy numbers of bacteria (standard letters) and archaea (capital letters) per gram of soil at the end of the experiment after (A) 1.5% frass addition with plants and (B) 3.0% frass addition without plants (mean ± 95% confidence interval for n = 5). Pots were amended with frass alone, or concurrently with nitrification inhibitor (NI), urease inhibitor (UI), or both. For each microbial domain, different letters indicate significant differences between the means of the treatments (p < 0.05).


The ergosterol results of the 1.5% treatments were marred by high variability but nevertheless show a stimulatory effect of the UI treatment on the fungal biomass where MWF was applied (Table 5). This became more evident when relating the ergosterol content to MBC (Figure 4A), which displays the UI-induced increases in the fungal portion of the microbial biomass. This trend was much more evident in the 3% frass treatments: ergosterol concentrations were significantly higher where UI was applied than in the other treatments (Table 6), while the ergosterol/MBC quotients were markedly higher in the UI treatments (Figure 4B).
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FIGURE 4. Ergosterol/microbial biomass carbon ratio (mg/g) following (A) 1.5% frass addition with plants and (B) 3.0% frass addition without plants (mean ± 95% confidence interval). Pots were amended with frass alone, or concurrently with nitrification inhibitor (NI), urease inhibitor (UI), or both.





DISCUSSION


Frass Quantity and Quality Can Benefit or Harm Plants

Application of 3% frass almost completely inhibited germination of ryegrass in our experiment. One reason for this may be a higher salt load. Extractable Na concentrations were considerable (Table 1), yet electrical conductivity values, although elevated, were not extremely high (Table 6) and osmotic stress was potentially limited as pots were kept moist throughout the experiment. Kawasaki et al. (2020) surmised inhibition of Japanese mustard spinach germination in BSF frass-amended soil to be salinity induced, albeit at the much higher application rate of 10%. Another possibility is that wetting of the 3% frass-amended soil caused locally high NH3 concentrations, which can be inhibitory to seed germination (Cantarella et al., 2018). The observed negative effect of high frass loads on plant germination warrant further mechanistic investigation to be able to exclude negative effects of frass on plant growth when used as fertilizer or soil amendment.

Application of 1.5% frass on the other hand resulted in rigorous plant growth. This was expected as both MWF and BWF frass provided easily available nutrients (Table 1). Successful fertilization using frass has been demonstrated in previous studies. For example, Klammsteiner et al. (2020) reported BSF frass to be a rapid provider of N to perennial ryegrass, while Houben et al. (2020) described MWF as an effective fertilizer to barley plants as it is rapidly mineralized. Interestingly, of the frass types used in this study, BWF contains more total N than MWF and has similar extractable inorganic N concentrations (Table 1) and yet yielded lower biomass and lower N uptake in ryegrass (Table 2). One reason for this may be the higher extractable concentrations of other primary, secondary and micro nutrients in MWF (Table 1) which could become increasingly important if the plant growth was not N-limited. This indicates that a stoichiometric evaluation of frass as a fertilizer requires more attention in future studies to allow for a better understanding how frass derived N can be used by plants most efficiently. A further benefit of this evaluation would be understanding of how to avoid N losses shown in a recent study (Rummel et al., 2021) which are an undesired environmental disadvantage of insect protein production.

The frass used in our study originated from two different insect species fed with the same diet. Diet, in particular N content of feed influences the N content of the frass (Fielding et al., 2013), which strongly influences its C/N ratio. The C/N ratio of frass further affects its mineralization and subsequent N release (Rummel et al., 2021). However, our study shows that frass originating from two species fed with the same diet with very similar C/N ratios can differently affect plant growth and N uptake. The reason for this may lie in the aforementioned higher extractable nutrient content of MWF (Table 1) allowing a more efficient N uptake and use by plants. The application of NI is likely to have led to increased [image: image]-N uptake by ryegrass and the higher biomass depicted in Table 2. Although Griffith and Streeter (1994) demonstrated higher biomass in hydroponically-grown Italian ryegrass fertilized with [image: image] compared to [image: image], Chalk and Smith (2020) argue that plant response to N supply is fully plastic, and improved biomass or N uptake following NI application could be a result of reduced [image: image] loss to leaching or denitrification. Despite the biomass increase in the present study not being statistically significant, it led to the sometimes significantly greater uptake of N, Ca, Mg, K, P and Fe. Correspondingly, [image: image]-N provided by the ammonification of frass ureic N would have been reduced by the UI treatment, leading to the lowest average biomass and uptake of N, Ca, K, and Mg for both frass types (Table 2).



Nitrogen Release From Frass: Ammonification and Nitrification

Most of the inorganic N extractable from the frass used in the current study is [image: image]-N (Table 1), while degradation of organic compounds containing N will ultimately release more [image: image]. Addition of high amounts of [image: image]-N to a soil can reduce N mineralization and even microbial biomass N if there is a deficiency of labile C (Zaman et al., 1999). Our results clearly show that each treatment's considerable extractable EOC (Tables 3, 4) provided adequate labile C for N mineralization to take place in this C-poor substrate, as evidenced by the substantial extractable [image: image]-N concentrations where 3% frass was applied (Table 4). Total inorganic N extractable in 3% treatments with inhibitors display reductions relative to the inhibitor-free controls, which represent the original N mineralization pattern of frass. These reductions were most marked in the UI treatments, where total inorganic N amounted to respectively 36 and 58% of the MWF and BWF inhibitor-free controls (Table 4). Such substantial reductions in the presence of a urease inhibitor point to ureic N as being a considerable fraction of the organic N in frass that becomes mineralized. The remaining organic N pools that could via ammonification supply [image: image]-N in these treatments are chitin and protein (Figure 1). Given chitin's recalcitrance caused by its crystallinity and heterogeneic composition (Jacquiod et al., 2013), protein could be considered a more mineralizable organic N source in frass, as extracellular proteases are commonly produced by bacteria and fungi (Geisseler et al., 2010).

In aerated soils, [image: image]-N concentrations are typically low due to root uptake and nitrification (Geisseler et al., 2010). This was the case in the 1.5% treatments in the present study, particularly where MWF was applied and ryegrass uptake and biomass production was greatest. The soils in these treatments were mildly alkaline (Table 3) and so might have additionally lost more N via NH3 volatilization. What cannot be overlooked is the substantial nitrate production even when NI was applied. Of the 1.5 and 3% frass treatments with NI application, nitrate is the largest fraction of the total inorganic N, with the exception of the MWF 1.5% NI regime (Tables 3, 4). This could be explained by the small but significant fraction of inorganic N in both frass types that was originally [image: image]-N (Table 1), and by a likely degradation of DMPP over the course of the experiment resulting in some nitrification. While only slight mineralization of the inhibitor was reported months after its field application by Weiske et al. (2001), its breakdown will be much more rapid in the optimal temperatures of a pot trial. DMPP has been reported to be effective for 40 days at 20°C (Zerulla et al., 2001), whereas Gong et al. (2013) postulated it to have decomposed halfway through a pot trial of similar duration to ours.

The expected additive effect of applying NI and UI simultaneously did not materialize: total inorganic N for NI+UI was consistently greater than for NI or UI alone (Tables 3, 4). Lasisi et al. (2020) reported the presence of DMPP to decrease the effectiveness of NBPT by an average of over 20% in a variety of soils, thought to be due to a combination of ammonium persistence and increased urea hydrolysis. While we can only speculate as to whether urease inhibitors in turn reduce the effectiveness of nitrification inhibitors, the supposition in our experiment is that NI partially reduced the effectiveness of UI, allowing greater concentrations of [image: image] to be nitrified upon DMPP breakdown.

The nitrification inhibitors were effective in the prevention of nitrite accumulation in the 3% frass treatments (Table 4). Nitrite-N concentrations were minimal where NI was applied in comparison to the UI treatments or inhibitor-free controls. In treatments in the present study without a nitrification inhibitor hindering ammonium-oxidizing microorganisms, extractable [image: image]-N reached similar or even higher concentrations to those of [image: image]-N. A 2.5% application rate of MWF and BWF to a sandy loam was observed in a 28-day incubation experiment to cause profound nitrite accumulation (Watson et al., 2021). Nitrite can accumulate following N fertilization as the rates of [image: image] and [image: image] oxidation are not interdependent; the oxidation rate of [image: image] can be higher than that of [image: image]as it is a better energy source (Taylor et al., 2019). It is possible that the nitrite build-up was caused by its oxidation being inhibited by ammonia or nitrous acid. Analyses of these would be relevant to future studies of frass-amended soil.



Effect of Frass on the Microbial Biomass and Community

As discussed in Frass Quantity and Quality Can Benefit or Harm Plants section, the 3% frass application rate prohibited ryegrass germination, possibly due to salinity. Microbial properties can be negatively affected by high salt loads (Wichern et al., 2006; Rath and Rousk, 2015). However, in our experiment microbial biomass was not negatively affected, with 3% frass addition leading to slightly higher microbial biomass C than in the 1.5% frass treatments (Tables 5, 6) which can be explained by the higher C addition. The negative impacts of the frass salinity which prevented plant growth possibly did not adversely affect the microbial biomass due to frass organic matter affording amelioration (Iqbal et al., 2016; Wichern et al., 2020).

Our study confirms earlier observations that frass amendment of soil increases microbial growth (Frost and Hunter, 2004; Gebremikael et al., 2020; Watson et al., 2021). This is not remarkable given that the frass provided easily available C, N and other nutrients (Table 1) required for microbial functions (Hemkemeyer et al., 2021). The use of nitrification and urease inhibitors allowed a differentiation of N release pathways as outlined in Figure 1. Additionally, the inhibitors also revealed pronounced interactions between the altered N transformation and abundance of the microbial domains archaea, bacteria and fungi.

Inhibition of nitrification at both frass application rates resulted in accumulation of [image: image]-N, the highest MBC (Tables 3, 4) and a preferential growth of bacteria and archaea: treatments featuring NI led to the consistently highest 16S rRNA gene copy numbers of these domains (Figure 3). Preferential immobilization of [image: image] to [image: image] by bacteria when both are available, in which ammonium inhibits nitrate uptake, was first observed by Recous et al. (1990). Ammonium uptake is thought to be optimal between pH 6 and 7 as was the case in the majority of pots in our study (Tables 3, 4) and preserves microbial energy as it can be taken up directly whereas [image: image] must be reduced by two energy-costing enzymes (Geisseler et al., 2010).

Frass application in our experiment was stimulatory to fungal growth, as observed in previous studies (Lovett and Ruesink, 1995; Fielding et al., 2013; Rummel et al., 2021; Watson et al., 2021). While fungal preference for [image: image] has also been reported (Geisseler et al., 2010), the contribution of fungi to the microbial biomass, as revealed by the ergosterol concentrations (Tables 5, 6) and ergosterol/MBC ratios (Figure 4), was markedly increased when ammonification of ureic N was hindered by the urease inhibitor. In these treatments, the [image: image]-N concentrations were reduced and the relative proportion of the extractable N that was organic, rose (Tables 3, 4). Saprotrophic fungi may contain suites of enzymes better suitable to degrade the organic N derived from frass and thus proliferate when urease activity is inhibited and [image: image] content lowered. Gebremikael et al. (2020) reported BSF frass to induce increases in saprotrophic fungi and related this to fungal biomass growth typical of the later stages of organic matter decomposition.

Watson et al. (2021) incubated MWF and BWF in a sandy loam at application rates of 2.5 and 5%. The 2.5% treatment led to nitrite accumulation which was accompanied by, relative to the 5% treatment, an increase in the archaeal 16S rRNA gene copy numbers. In the present study, nitrite accumulation was observed at a similar application rate of 3% (Table 6). However, there was no higher application rate with which to ascertain whether there was a relative archaeal enrichment, and microbial comparisons between the 3 and 1.5% treatments are complicated by the presence of a sizeable rhizosphere in the latter. Nevertheless, the mechanisms of this nitrite build-up should be elucidated in future studies with the help of a more detailed analysis of the ammonia-oxidizing bacteria and archaea and the presence of relevant functional genes.




CONCLUSIONS

Our results show the high potential of insect frass, both as an amendment which can benefit the soil microbial biomass and as an organic fertilizer which can provide adequate nutrients to allow plant growth in a substrate of low fertility. Nevertheless, three aspects of soil amendment with frass must be systematically evaluated before it becomes an accepted norm. Firstly, (i) the nutrient content and availability of frass to plants depend heavily on several factors including larval species, feeding regime, processing and storage. Predictions of plant response to various frass types will become easier once these factors are thoroughly understood. Secondly, (ii) optimal frass application rates and timing in relation to crop demand need to be ascertained. Other studies using different frass types have demonstrated considerably higher application rates than the one used in this study to be successful, while we observed a 3% application rate of mealworm or buffalo worm frass to inhibit ryegrass seed germination. It has not been established whether ammonia toxicity or salinity was the cause of this, nor whether such an application rate would affect other plants similarly. There could be a specificity of crop response to frass type yet to be elucidated. Thirdly, (iii) to allow for a more environmentally friendly insect protein production, optimal use of frass with reduced nutrient losses need to be guaranteed, in particular those of C and N. Accordingly, this study sought to evaluate N release processes from frass applied to soil at relatively high rates, via the use of inhibitors typically applied with fertilizers. We demonstrated that the ammonification of ureic substances is an important release of N from frass, confirming our first hypothesis. More importantly, we established that urease inhibitors can be co-applied with frass where the goal is to utilize frass as a slow-release N fertilizer. A yield penalty was not effected in ryegrass over a 16-week pot trial when NBPT was added, presumably because the ammonification of proteinaceous and chitinaceous N provided sufficient N for plant growth. Our second hypothesis was corroborated by our results indicating that the co-application of nitrification inhibitors with frass could induce yield gains and is effective in preventing soil nitrite accumulation and any consequent impacts on nitrite-sensitive crops. A combination of both is not recommended as soil extractable N concentrations were consistently higher than when the inhibitors were used separately, an observation which did not uphold our third hypothesis.
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MWF 3% + NI 198 (72) 50(38)n=23 037 0.42)c 825 (65) be
MWF 3% + Ul 152 (67) 16 (20) 075(0.13)a 641(189) ¢
MWF 3% + NI + Ul 159 (112) 107 (147)n =4 0.24(0.04) ¢ 1,089 (226) abc

Pots were amended with 3% (w/w) buffalo worm frass (BWF) or mealworm frass (MVVF) alone, or concurrently with nitrification inhibitor (NI), urease inhibitor (Ul), or both. Within a column,
means without a letter in common are significantly different (p < 0.05).
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G addition (g kg™") 5.89
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0.51(0.08)
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Within a row, means without a letter in common are significantly different (p < 0.05).
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0.14 0.01)
1.31(0.15)
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7.30(1.22)a
4.64(0.75)a
340 (57)a
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11.21
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Treatment Biomass (g)

BWF 1.5% 281(1.29)b
BWF 1.5% + NI 3.43(0.50) b
BWF 1.5% + Ul 262(1.39)b
BWF 1.5% + NI + Ul 3.40 (1.54) ab
MWF 1.5% 3.95(0.92) ab
MWF 1.5% + NI 494(029)a
MWF 1.5% + Ul 365 (0.37) ab

MWF 1.6% +NI+Ul 876 (0.61)ab

N (mg)

147 (70) b
200 (27) ab
144 (56) b
186 (82) ab
194 (34) ab

240 (8)a
175 (14) ab
177 (17)ab

S (mg)

14.4 (5.65)
14.3 (2.04)
19.1 (5.89)
17.8 (4.23)
15.7 (4.35)
20.8 (1.45)
15.0 (2.30)
14.1 (2.93)

Ca (mg)

30.1(13.2)
39.1(7.97)
25.3(13.0)
325 (12.1)
35.3(7.73)
36.3(1.66)
322(3.60)
32.8(3.68)

K (mg)

1089 (46) b
121(16)b
96(50) b
118 @7)b
136 (21) b
191 (©)a
133 (13) b
143 (18)b

Mg (mg)

12.1(5.88)
13.9(2.70)
108(6.32)
13.1 (6.13)
15.43.17)
16.8(057)
14.6 (1.41)
15.1 (1.38)

P(mg)

12.7 (639 b
12.6(1.73) b
11.1(6.06) b
13.2 (639 b
17.8(481)b
285 (1.80)a
17.8(328) b
15.6 (2.61) b

Fe (ng)

839 (243) b
1,174 (323)ab
1,086 (599) ab
1,000 (490) ab
1,114 (166)ab
1,655 (148)a
872 (189) b
1,007 (73) ab

Pots were amended with frass alone, or concurrently with nitrification inhibitor (NI), urease inhibitor (Ul), or both. Within a column, means without a letter in common are significantly

different (p < 0.05).
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Treatment MBC (mg kg~") MBN (mg kg~') Ergosterol (mg kg™') Conductivity (1S/cm)

BWF 1.5% 83(51)ab 22(10)abn=4 017 (003)n=3 319(199)a
BWF 1.5% + NI 156 (52)a 12(6)b 0.18(0.04)n=4 147 (43) ab
BWF 1.5% + Ul 83(24) b 8@3)b 0.18(0.03) 166 (171) ab
BWF 1.5% + NI + Ul 124 (13)ab 40(32)a 0.18(0.03) 175 (184) ab
MWF 1.5% 102 (49) ab 10()bn=4 0.19(0.06) 130 (90) ab
MWF 1.5% + NI 112 20)ab 1@b 0.47n=1 51(6)b
MWF 1.5% + Ul 101 23 ab 9(6)b 028(0.08)n=3 78(12)ab
MWF 1.6% + NI 4 Ul 102 27) ab 126)b 0.19(0.003)n =2 90 (68) ab

Pots were amended with 1.5% (w/w) buffalo worm frass (BWF) or mealworm frass (MWF) alone, or concurrently with nitrification inhibitor (Ni), urease inhibitor (Ul), or both. Within a
column, means without a letter in common are significantly different (p<0.05).
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Treatment pH

BWF 1.5% 6.64(0.25)c
BWF 1.5% + NI 653(0.15)¢
BWF 1.5% + Ul 6.94 (0.37) be
BWF 1.5% + NI + Ul 6.45(0.34) ¢
MWF 1.5% 7.28(0.22)ab
MWF 1.5% -+ NI 7.36(0.03)a
MWF 1.5% + Ul 7.270.10) ab

MWF 1.5% + NI+ Ul 7.16(0.21)ab

NH}-N NOz-N
(mg kg™") (mg kg™")

1.54(067)ab 0.01(0.01)n=2
251(051a 001001)n=2
1.15(0.48) b 0.004 (001)n =2
1.81(0.58) ab 0.002n=
147 (098)b  001(0.02)n=3
092(053)b  001(0.01)n=3
068(0.24)b  0.01(0.01)n=2
1.16(0.39)b 001 (0.02)n=2

NO;-N
(mg kg™")

19.9 (12.4)a
9.04 (2.24) ab
7.12 (9.05)ab
16.5 (13.6) ab
587 (7.83)ab
037(032)b
0.40(0.28) b
2.68 (4.06)b

Total inorganic N
(mg kg™")

214(122)a
11.6(2.43)a
8.28(0.19) ab
183 (183 a
7.06 (8.79) ab
1.30(0.71) b
1.08(0.49) b
3.85 (4.43) ab

EOC
(mg kg™

90.7 (27.4)
795(16.6)
91.1(203)
84.2(22.1)
755 (12.5)
84.9(30.1)
113 (14.4)
797 (33.9)

EON
(mg kg™")

118(87.3)a
47.0(11.6)ab
46.1 (43.4) ab
81.0(63.6)ab
41.7 (47.1)ab
6.47(1.71)b
13.2 2.42) b
17.1(163)b

EON as %ge of
total
extractable N

82.7(3.70)b
800(1.73) b
87.7 (4.34) ab
80.2(3.08)b
87.9(3.31)ab
82.6(109) b
9256 (1792
83.9(3.56) b

Pots were amended with 1.5% (w/w) buffalo worm frass (BWF) or mealworm frass (MVF) alone, or concurrently with nitrification inhibitor (NI), urease inhibitor (U), or both. Within @
column, means without a letter in common are significantly different (p < 0.05).
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Treatment pH NH-N

(mgkg™")
BWF 3% 621(0.07)cd 3.61(1.33)
BWF 3% + NI 6.12(0.09)d 203 (21.0)
BWF 3% + Ul 6.40(0.09)be 1.14(0.62)
BWF 3% + NI + Ul 6.32(0.20)cd 23.8(25.1)
MWF 3% 659(0.08)ab 198 (0.71)
MWF 3% + NI 6.64(0.06)a 8.88(3.01)
MWE 3% + Ul 675(0.09a 093(0.21)

MWF3% + NI+ Ul 6.62(009a 4.83(1.89)

NO;-N
(mg kg™)

3.30(3.66)
001003)n=2
220(2.36)n =4
0.10(0.17)
357 (6.01)
007 0.11)
084(1.83)n=4
001(001)n=2

NO3-N
(mgkg™)

923 (13.1)a
64.6(16.9)ab
54.4(22.4) abe
72.1 (18.6) ab
69.8(31.7)ab
34.4 (5.58) be

255(103)¢

43.7 (19.6) be

Total inorganic N

(mg kg™")

992(116)a
84.9(23.2)ab
57.7 (23.9) abe
96.0(28.8)a
75.4(36.5)ab
43.4 (4.61) be
273 (11.0)¢
485 (20.5) be

EoC
(mg kg™")

207 (75.2)
106 (51.0)
170 (48.6)
150 (65.8)
231(108)
159 (34.1)
188 (26.9)
193 (49.5)

EON
(mgkg™)

552 (120)a
358 (93) ab
333(108) ab
401 (157) ab
411 (160) ab
279 (54) b
185 (69) b
346 (78) ab

EON as %ge of
total extractable
N

84.6(1.51) ab
80.4(5.62)b
85.5(1.83) ab
79.6(5.57) b
84.7 (3.43) ab
86.4 (1.44) ab
87.3(0.66)a
880(241)a

Pots were amended with 3% (w/w) buffalo worm frass (BWF) or mealworm frass (MWF) alone, or concurrently with nitrification inhibitor (i), urease inhibitor (U, or both. Within a column,
means without a letter in common are significantly different (p<0.05).
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